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ABSTRACT
Metal detection systems currently available to the general public ordinarily verify the
presence of conductive material but not the shape. Shape detection is important for
discrimination between dangerous and benign items. Test setups are developed that are
useful for identifying the value of microwaves for shape detection behind selected
material types. The behavior of this electromagnetic energy in homogeneous, isotropic,
locally linear, temporally dispersive material is examined in the time and frequency
domains. The results of these evaluations determined the behavior of continuous-wave
microwave radiation and microwave pulses in such media, upon which a unique method
has been developed for detecting the shape of concealed conductive objects utilizing
pulsed microwave ultra-wideband (UWB) spectra.
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CHAPTER 1
INTRODUCTION

1.1 MOTIVATION
A problem of current importance is the rapid detection of concealed weapons and other
illegal items at airports and other points of entry into a secure facility or at a country
border. The same problem is of critical concern to both the military and civilian lawenforcement where it is essential to determine if an armed assailant or enemy
combatant is concealed behind a wall or door. In addition, a method that private
individuals can use to discreetly screen people at meetings and social functions open to
the public is necessary. Currently, places such as houses of worship in urban areas use
magnetic wands, but these are obtrusive and normally only find tablets and phones.
Further, magnetic wand technology does not easily lend itself to shape detection.

Object shapes can be determined by high-frequency imaging devices, such as
those used in airports, but those devices are costly and not readily available to a private
citizen.

The military also employs expensive high-end microwave technology to

identify images. The need to develop a detection system using microwave technology
that is inexpensive and easy to deploy is evident.

Moreover, such microwave

technology is safer to the general public than x-rays are and is more accurate than
magnetic wand devices.
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1.2 HISTORICAL OVERVIEW
A large body of research on ultra-wideband microwaves for through-the-wall
imaging has been done and it has provided for years of incremental improvement in
technology. However, only penetration through outerwear is generally necessary for
this application. Also, there is sparse existing research on using microwaves for shape
detection. This then forms the line of investigation that is presented in this dissertation.
The work done by Yang [1] addresses the cost of imaging relative to a
sophisticated military system. However, there is a formidable amount of equipment
required, and it would be limited to military and law enforcement applications. Other
research [2] into the effects of microwaves on Kevlar and similar materials are clearly
intended for both military and law enforcement applications. In addition, research on
hydration levels in walls [3] is beneficial to both military/law enforcement and publicsector applications.
Most public-sector, through-the-wall research that has been found is applicable
to the engineering problem of characterizing construction materials [4]. Work done
with novel mathematical methods [5], and antenna systems [6] using microwaves to
determine properties of building material is narrow in scope, and only provides an
incremental improvement in existing technology.
Recent publications that are most closely related with the present research are
those by Paulson et. al. [7] in 2005, Baranoski [8] in 2006, and Jofre et. al. [9] in 2009.
The 2005 paper by Paulson et. al. [7] regards shape (hematoma) detection in thoracic
tissues using UWB pulsed microwaves. This research utilizes the time- domain
properties of the UWB pulse and is intended for medical use only. The 2006 paper by
2

Baranoski [8] from the Defense Advanced Research Projects Agency (DARPA) Special
Projects Office focuses on shape detection (for the localization of moving insurgents)
beyond two exterior grade walls using UWB pulsed microwave radiation is based on
the time-domain properties of the UWB pulse propagation and is intended for military
use only. The 2009 paper by Jofre et. al. [9] addresses research on shape (tomographic)
detection of penetrable and impenetrable objects using UWB pulsed microwave
radiation and is based entirely on the time-domain properties of UWB pulse
propagation as applied to imaging an F-18 aircraft.
The UWB pulse spectrum approach considered in this thesis shows promise for
a commercially available shape detection system, a laboratory setup having been
created in order to demonstrate such a a Pulsed Wave Frequency Domain (PWFD)
detection system. This UWB pulse shape detection system is uniquely different in the
following two ways: (1) it operates in the frequency-domain using pulse spectra, and
(2) it is ultimately intended for use by the general public.
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1.3 THESIS OBJECTIVE & OVERVIEW
Based on the previous research identified in Section 1.1, new research has been
identified that is useful in the construction and improvement of microwave-based
detection systems. However, new methods of shape detection of hidden or obscured
objects remains to be accomplished.

The focus of the research presented in this

dissertation investigates such a new method of shape detection. First a comparison is
made between the various types of microwave phenomena to determine the most
effective method of detecting concealed conductive objects using microwaves by a
combination of analytical techniques [10] and experimental evidence.
This evaluation divides microwave phenomena into three sections: continuous
wave frequency domain (CWFD), pulsed wave time domain (PWTD) and pulsed wave
frequency domain (PWFD). Continuous wave time domain (CWTD) signals are noted
here to be of little value in this application and are not further discussed.
Throughout this thesis, attention is given to nonmagnetic, homogeneous,
isotropic, locally linear (HILL) dielectric media that are temporally dispersive as that is
the most basic type of medium encountered with a UWB pulse shape detection system.
For notational simplicity, this type of medium will be referred to as a simple complex
medium. For such a material, the complex dielectric permittivity is given by [10]
ε(ω) = ε′(ω) + iε′′(ω)

(1.1)

where ε′(ω) ≡ Re{ε(ω)} is the real part and ε′′(ω) ≡ Im{ε(ω)} the imaginary part of the
dielectric permittivity, respectively, and where i ≡ (−1)1/2 = e1π/2 is the imaginary
number.
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The relative dielectric permittivity is then given by ε(ω)/ε0 where ε0 = 8.854 × 10−12 F
arads/m is the permittivity of free space in MKSA units. The magnitude and phase of
the dielectric permittivity are given by
|ε(ω)| = [ε′2(ω) + ε′′2(ω)]1/2,

(1.2)

φε(ω) = arg{ε(ω)} = arctan [ε′′(ω)/ε′(ω)].

(1.3)

The magnetic permeability of such a simple complex medium is given by that of freespace so that µ = µ0 = 4π × 10−7 weber/amp · m in MKSA units, with relative
permittivity µ/µ0 = 1. Notice that the analysis presented here can be extended to include
both diamagnetic (relative permeability slightly less than unity) and paramagnetic
(relative permeability slightly greater than unity) materials, provided that the magnetic
permeability is non-dispersive.
The complex index of refraction n(ω) = n′(ω)+in′′(ω) is given by the appropriate
branch of the square root of the relative dielectric permittivity as (when µ/µ0 ≃ 1)
n(ω) = [ε(ω)/ε0]1/2 ,

(1.4)

with real n′(ω) = Re{n(ω)} and imaginary n′′(ω) = Im{n(ω)} parts, respectively. The
magnitude and phase of the complex index of refraction are then given by
|n(ω)| = + [|ε(ω)|]1/2,

(1.5)

φn(ω) = ½ φε(ω),

(1.6)

respectively. The complex wave number for a time-harmonic electromagnetic wave of
angular frequency ω = 2πf that is propagating through a simple complex medium is
found as [10]
k ̃(ω) = β(ω) + iα(ω) = k0n(ω),
5

(1.7)

with real part β(ω) ≡ Re{k ̃(ω)} called the propagation factor (in radians/m) and
imaginary part α(ω) ≡ Im{k ̃(ω)} called the attenuation factor (in Niepers/m). Here k0 ≡
ω/c = 2π/λ is the wave number in vacuum with wavelength λ. From Eqs. (1.5) – (1.7) it
is found that the propagation factor in the simple complex medium is given by
β(ω) = k0|n(ω)| cos (φn (ω)),

(1.8)

α(ω) = k0|n(ω)| sin (φn (ω)).

(1.9)

and the attenuation factor is

For frequencies in the microwave range and below, the material dispersion of the
relative dielectric permittivity for a simple complex medium is described by the
classical Debye relaxation model [10] as
ε(ω)/ε0 = ε∞ + (εs − ε∞)/(1−iωτ) ,

(1.10)

where εs ≡ ε(0) is the static relative permittivity, ε∞ ≥ 1 is the high frequency limit of
the relative dielectric permittivity due to molecular relaxation alone, and τ is the
effective molecular relaxation time. The real and imaginary parts of this expression
for the relative dielectric permittivity are then given by
ε′(ω) = ε∞ + (εs −ε∞)/(1+τ2ω2),

(1.11)

ε′′(ω) = (εs − ε∞) τω /(1+τ2ω2 )

(1.12)

respectively.
For example, in free space, ε(ω) = 1 at all frequencies so that n(ω) = 1, the attenuation
! ω) = k
factor is zero, and k(
0

Also the complex permittivity of concrete at 3 GHz is ε(ω) = 0.62 + j0.55 [6]
Whereas the complex permittivity of ice at 3 GHz is ε(ω) = 3.2 + j0.0009 [8]
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Figure 1.1, below taken from the paper by Olkkonen, Mikhnev, and HuuskonenSnicker [11] presents experimental data for the frequency dependent properties of
concrete with 3% water content in the frequency range from 0.8 GHz to 12GHz, where
the high frequency behavior of Eqs. (1.11)-(1.12) above the relaxation time applies.

Figure 1.2, next page, taken from the paper by Jiang and Wu [12], describes the measured
frequency dependent properties of water ice at various temperatures over a sufficiently
wide frequency range that the frequency dependence described by Eqs. (1.11)-(1.12) is
observed.

7

With this measured data for both ice and concrete established, materials that are used in
the sets of experiments presented in this thesis, attention can now be exclusively
focused on these results.
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CHAPTER 2
FREQUENCY DOMAIN EXPERIMENTS AND ANALYSIS OF
CONTINUOUS WAVE MICROWAVE RADIATION

2.1 DOUBLE RIDGED WAVEGUIDE HORN ANTENNA MODEL
The double-ridged waveguide horn antenna shown in Figure 2.1 is widely used
in Electromagnetic Compatibility (EMC) testing over the frequency range from 1 GHz
to 18 GHz. One of the earliest horn antennas of this type was constructed by Jagadis
Chandra Bose in 1897. Horn antennas are flared waveguides that produce a uniform
phase front that is larger than the waveguide. Adding a ridged waveguide to the horn
antenna increases its bandwidth by lowering the cut-off frequency of the dominant
mode, while raising the cut-off frequency of the next higher-order mode.

Figure 2.1: The ETS 3115 Double-Ridged Horn Antenna is a linearly polarized broadband antenna
with an excellent gain and good VSWR characteristics

9

The frequency range of the ETS 3115 extends from 1 GHz to 18 GHz. It was
designed and built especially for electromagnetic interference measurements and
specifications in compliance testing. The antenna is small, very portable and
lightweight. It is precision machined from aluminum with side plates of copper clad,
gold plate tracking on epoxy fiberglass (G-10). The 50Ω standard impedance, precision
high-frequency type N connector is mounted on the base block of the antenna.
In Figure 2.2, a model of this antenna that was created using the Numerical
Electromagnetic Code (NEC) is depicted. A personal computer version of the NEC was
selected that is called cocoaNEC. The horn antenna is modeled singly in Figures 2.3
and 2.4, and then modeled as the interaction between two horn antennas in Figures 2.52.6. The horn antenna patch specifications that were used to generate these Figures are
given by:
Small Square: 7 cm x 8 cm, Total Surface Area: 67.5 cm2
1 patch - split into four with feed
Large Square: 14 cm x 24 cm
Large Trapezoid Surface Area: 16 x (8 + 24)/2 = 256 cm2
8 surface patches
Small Trapezoid Surface Area: 17 x (7 + 14)/2 = 178.5 cm2
5 surface patches Length sides = 18 cm
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The original manufacturer data is also included in Figure 5 for reference. Reasonable
agreement between the model and the data is seen at 1000 MHz.

Figure 1.2: Geometry of the cocoaNEC Model of the double ridged waveguide horn antenna
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Figure 2.3: cocoaNEC Model of Double Ridged Waveguide Horn Antenna Azithuth Antenna Pattern
at 1000 MHz

Figure 2.4: cocoaNEC Model of Double Ridged Waveguide Horn Antenna Elevation Antenna
Pattern at 1000 MHz
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Radiated field patterns computer using the numerical model depicted in Figure 2.2 shows
good agreement with the manufacturer data given Figure 2.4 for the electric field at one
GHz. Figure 2.7 shows the azimuth antenna pattern resulting from the interaction of the
transmit and receive antennas. This antenna pattern is slightly modified from that given in
Figure 2.3. Figure 2.8 shows the antenna elevation patterns resulting from the interaction
of the two antennas. The pattern gains a great number of lobes as compared to that in
Figure 2.4.

Figure 2.5: Manufacturer measured radiation patterns for a EMCO 3115 double ridged waveguide
horn antenna
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Figure 2.6: Geometry of the cocoaNEC model of two interacting double ridged waveguide horn
antennas

One Meter Spacing
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Figure 2.7:cocoaNEC model of two interacting double ridged waveguide horn antennas
Azithuth antenna pattern at 1000 MHz

Figure 2.8: cocoaNEC model of two interacting double ridged waveguide horn antennas
Elevation antenna pattern at 1000 MHz
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2.2. ANALYSIS OF CWFD TRANSMISSION GEOMETRY
Figure 2.9 depicts the arrangement and the dimensions of the test setup and the
samples under test. The wavelengths measured are shown next to the samples. The
attenuation due to transmission through the blocks is expected to be largely dependent
upon the dimensions of the ice and concrete blocks as well as upon the incident angle
through the Fresnel reflection and transmission coefficients. [13] However, the data
collected in this experiment indicates that other effects besides the complex permittivity
of the blocks must be influencing the transmitted microwave field. If the field signal
loss were solely due to the frequency of the radiated field and the dimensions of the
sample, it would be expected that the observed reduction in field signal loss would
increase continuously with frequency due to lensing effects.

750 MHz

Vx = |Vx| /øx

Vr = |Vr| /øx

1750 MHz

40 cm

ε0

56˚

Transmit
Antenna

20 cm

εS(ω)
Receive
Antenna

Samples with
Complex
Permittivity

30 cm

40 cm

30 cm

Figure 2.9: Dimensions vs. wavelength for CWFD setups

.
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20 cm

The band-limited nature of the data presented in Section 2.3 on concrete is
related to the dimensions of the samples and the measured wavelengths. The sample
thickness of 10 cm corresponds to a wavelength at a frequency of 3 GHz; this is the
upper limit of the noted reduced signal loss behavior in concrete. A sample width of 20
cm corresponds to a wavelength at a frequency of 1750 MHz; this is the upper limit of
significant reduced signal loss behavior in concrete. A sample size of 40 cm
corresponds to a wavelength at a frequency of 750 MHz; lower limit of significant
reduced signal loss behavior in ice and concrete.

2.3. CONTINUOUS WAVE FREQUENCY DOMAIN EXPERIMENTS/DATA
A block diagram of the test instrumentation and physical arrangement under
consideration in this section is illustrated in Figure 2.10. This setup was designed in
order to determine the frequency dependent amplitude (or signal loss) properties of
concrete, ice and air within the spectral domain of the antenna used. The blocks
measure 40 x 20 x 10 cm and the distance between the transmitter and receiver is one
meter. The signal generator transmits at a known power level (0 dBm) into a single
horn antenna. The spectrum analyzer connected to receive horn antenna displays the
transmitted wave power spectrum both when the sample is present and when it is
absent.
From a mathematical point of view, a continuous wave corresponds to a delta
function in the frequency domain at each output frequency that is present. In order to
collect data over the entire frequency range of interest, the signal generator produces a
swept output from the start frequency of 500 MHz to the stop frequency of 3 GHz. The
17

spectrum analyzer is set on peak hold for multiple sweeps to ensure that all of the data
is recorded.
Spectral measurements with dry concrete blocks were done at a line conducted
emissions test site with a portable anechoic material. The line conducted emissions test
site contains four square-meter horizontal and vertical ground planes. Measurements
with the ice blocks present were done in a shielded anechoic chamber. The test
equipment used throughout all experiments is calibrated per the International Standards
Organization (ISO) 17025 quality guidelines, which include both control of the antenna
during transport as well as several quality checks to ensure proper performance.

Signal Generator

Identical Horn Antennas
Concrete Block

Absorber

1 meter

Ground Plane
Insulating Supports Not Shown

Spectrum
Analyzer

Figure 2.10: Block diagram of the CWFD test setup showing test equipment and configuration of
antennas relative to the test samples
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Figure 2.11: Photograph of the CWFD configuration 1 - test setup with concrete blocks centered
about the midpoint between the transmit and receive antennas

Figure 2.12: Spectrum analyzer data for the setup depicted in Figure 2.11 comparing the spectral
amplitude of the received signal after propagation through free space (green trace) to that after
transmission through the concrete blocks (orange trace). Notice that that the concrete signal has
greater amplitude from 800 - 1800 MHz.
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A photograph showing the specific setup of the first CWFD configuration with
four dry concrete blocks positioned to give an overall dimension of 40H x 40W x 20D cm
is given in Figure 2.11. As illustrated, the blocks are centered about the midpoint
between the transmit and receive antennas. The measured amplitude traces of the two
received signals versus frequency (both with and without the concrete blocks in place)
obtained from the spectrum analyzer is illustrated in Figure 2.12. The green trace
describes the received spectral amplitude after propagation through free space without the
blocks in place at the fixed separation of one meter and the orange trace describes the
received spectral amplitude after propagation when the concrete blocks are in place
symmetrically located about the center of the antenna path, all other elements in the
experiment remaining unchanged.

Surprisingly, Figure 2.12 indicates the counter-

intuitive result that transmission through the concrete blocks results in less signal loss
than that through air over the measured frequency range from 800 MHz to 1800 MHz, as
the former results in a received signal that is 3 to 10 dB greater relative to that measured
for propagation through free space. Notice the fequency-dependent structual similarity of
the two signals in this figure.
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Figure 13: Photograph of the CWFD configuration 2 - test setup with ice blocks centered about the
midpoint between the transmit and receive antennas

Figure 2.14: Spectrum analyzer data for the setup in Figure 13 comparing the spectral amplitude of
the received signal after propagation through free space (green trace) to that after transmission
through the ice blocks (orange trace). Notice that the ice signal has greater amplitude from 600 2400 MHz.
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Figure 2.15: Photograph of the CWFD configuration 3 - test setup with concrete blocks stacked
linearly about the midpoint between the transmit and receive antennas

Figure 2.16: Spectrum analyzer data for the setup in Figure 14 comparing the spectral amplitude of
the received signal after propagation through free space (green trace) to that after transmission
through the concrete blocks (orange trace). The null observed in the transmitted signal amplitude
through the concrete blocks at ~2000 MHz may be due to the air gaps that are present between each
block.
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Figure 2.17: CWFD Configuration 4 - Test setup with ice blocks stacked linearly about the midpoint
between the transmit and receive antenna

Figure 2.18: Spectrum analyzer data for the setup in Figure 17 comparing the spectral amplitude of
the received signal after propagation through free space (green trace) to that after transmission
through the ice blocks (orange trace).
It is observed that the ice signal has greater amplitude from 500 - >3000 MHz.
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Similar results are obtained for the setup with four ice blocks configured to give
an overall dimension of 40H x 40W x 20D cm, as illustrated in Figure 2.13. The
spectral amplitude of the two received signals with and without the ice blocks present
versus frequency is presented in Figure 2.14. As in Figure 2.12, the green trace
describes the measured spectral amplitude when the signal propagates through one
meter of free space, whereas the orange trace describes the measured spectral amplitude
when the signal propagates through the ice blocks situated about the center of the
antenna path. Again, these measured results illustrate the counterintuitive result that
transmission through the ice blocks provides less signal loss than does propagation
through air over the frequency range from 600 MHz to 2400 MHz.
A photograph showing the specific setup of the third CWFD configuration with
four dry concrete blocks positioned about the center to give an overall dimension of
20H x 40W x 40D cm is given in Figure 2.15. The measured amplitude traces of the
two received signals versus frequency both with and without the concrete blocks in
place that are obtained from the spectrum analyzer is illustrated in Figure 2.16. As has
been previously described, the green trace describes the received spectral amplitude
after propagation through free space at the fixed one meter separation and the orange
trace is the spectral amplitude after propagation through the concrete blocks placed
about the center of the antenna path, all other elements in the experiment remaining
unchanged. Figure 2.16 illustrates the counterintuitive result that transmission through
the concrete blocks results in less signal loss than that through air over the measured
frequency range from 1000 MHz to 1500 MHz. Specifically, transmission through the
concrete blocks results in a received signal that is from 3 to 10 dB greater then that in
24

free space. A null is noted at ~2000 MHz. Similar data, but without the null, is
obtained when the test is run with a single concrete block, indicating that the air gaps
are responsible for the effect.
Similar results are obtained for the setup for four ice blocks configured to give
an overall dimension of 20H x 40W x 40D cm, as shown in Figure 2.17. Figure 2.18
illustrates the measured spectral amplitudes from each of these two received signals,
the green trace describing the measured spectral amplitude when the signal propagates
through one meter of free space and the orange trace describing the measured spectral
amplitude when the signal propagates through ice blocks placed in the center of the
antenna path. Figure 2.18 indicates that from 500 MHz to >3000 MHz the presence of
the ice blocks changes the propagation geometry such that the received signal
amplitude is ~10 dB greater than that relative to free space. Notice that the effect
persists for frequencies greater than 3000 MHz.
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2.4. CWFD EXPERIMENTS AND DATA RELATING ANTENNA SPACING
TO HILLTD MEDIA
Attention is now turned to a set of experiments designed to measure the transmit
antenna distance that produces equal received signal strengths both with and without
the presence of the obscuring blocks. The experimental setup shown in Figure 2.19 is
designed to measure how close the antennas must be with air between them to receive
the same signal strength as when they are spaced at one meter apart with a concrete
block centered between them. The same setup is also used to measure how far the
transmit and receive antennas can be with a concrete block between them so as to
receive the same signal strength as when they are spaced at one meter with air between
them. Measurements are made at 0.66, 1 and 1.65 meters with a signal generator and
spectrum analyzer connected to the double-ridged horn antenna as in the previous set of
experiments presented in Section 2.3.

Figure 2.19: Received microwave signal measurements both with and without a concrete block
centered in the path.
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Green Trace is Received Signal with
Concrete Block in Center of Path
Antenna Separation is 100 cm

Orange Trace is Received Signal with
Air in Center of Path
Antenna Separation is 100 cm

Figure 2.20: Spectrum analyzer data for setup in Figure 2.19 showing that propagation through the
concrete blocks results in 3-6 dB less loss of received signal than air for 700 -1200 MHz

Green Trace is Received Signal with
Concrete Block in Center of Path
Antenna Separation is 100 cm

Orange Trace is Received Signal with
Air in Center of Path
Antenna Separation is 66 cm

Figure 2.21: Spectrum analyzer data for setup in Figure 19 showing that propagation through the
concrete blocks at 1m results in the same loss of the received signal as through air at 0.6m
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Orange Trace is Received Signal with
Concrete Block in Center of Path
Antenna Separation is 165 cm

Green Trace is Received Signal with
Air in Center of Path
Antenna Separation is 100 cm

Figure 2.22: Spectrum analyzer data for the setup in Figure 2.19 showing that propagation through
the concrete blocks at 1.65m separation results in the same loss of the received signal as does
propagation through air at 1m.

Green Trace is Received Signal with
Concrete Block in Center of Path
Antenna Separation is 100 cm

Orange Trace is Received Signal with
Air in Center of Path
Antenna Separation is 66 cm

Figure 2.23: Spectrum analyzer data for setup in Figure 2.19 showing the propagation through the
concrete blocks at 1m results in the same loss of the received signal as through air at 0.6m.
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The spectrum analyzer data presented in Figures 2.20–2.23 are all taken from the setup
shown in Figure 2.18. Figure 2.20 displays the spectrum analyzer data showing that
propagation through the concrete blocks results in 3-6 dB less loss of the received signal
than that for propagation through air in the 700-1200 MHz frequency range.

Figure 2.21 displays the spectrum analyzer data showing that propagation through
the concrete blocks at 1m separation of the transmitter and receiver horn antennas results
in the same loss of the received signal as does propagation through air at 0.6m separation.
Figure 2.22 contains the spectrum analyzer data showing that concrete at a 1.65m
separation produces the same loss of the received signal as for air at a 1m separation.
Similarly, Figure 2.23 displays the spectrum analyzer data showing that propagation
through the concrete blocks at a 1m separation of the transmit and receive antennas
results in the same amount of loss in the received signal as does propagation through air
at a 0.6m separation.
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2.5. CWFD ANALYSIS RELATING ANTENNA SPACING TO
TRANSMISSION THROUGH A SIMPLE DISPERSIVE MEDIUM
This observed signal loss reduction property may be used as a possible adjunct
to a viable detection scheme for a low cost public application. A detection system could
be passively amplified using microwave lens effects. Consequently, CWFD
electromagnetic radiation through a simple dispersive medium is modeled here. Based
on the results of Section 2.1, a single block was chosen for this experiment to facilitate
this modeling. The thickness of the block is 9.2 cm which is of a similar dimension to
¼ wavelength at 925 MHz, where good agreement is seen with the model.
The analysis presented here determines the antenna distance for an equivalent
received signal with and without the presence of HILLTD media. The concrete is
considered to be homogeneous, isotropic and locally linear media with complex
permittivity. The model is designed to calculate how close the antennas must be with
air between them to receive the same signal strength as when they are spaced at one
meter with a concrete block between them. The model can also be used to measure how
far the antennas can be with a concrete block between them to receive the same signal
strength as when they are spaced at one meter with air between them. In Figure 24, S is
the equivalent point source of a complex-valued microwave incident on a dielectric
interface, S’ is a transmitted wave in air.

30

1
2

Figure 2.24: Antenna spacing model parameters necessary to determine the distance correction due
to microwave lensing.

θ1
Δh

θ2

h-Δh
S

θ1

S’

h

θ1
θ2

d
t

d’

n2(ω)

n1(ω)

n1(ω)

For the experiment described above, the EMCO 3315 antenna used has
divergence angle of θ1 = 56˚, the concrete block is 9.2 cm thick with εr(ω) = 6.6 + j0.8
at 1 GHz, and air has εr(ω) = 1. The measurement distance from the antenna feed point
to the surface of the concrete is given by 50 cm spacing + 18 cm antenna depth – 5 cm
half concrete depth = 0.63 m. Refer to Figures 2.24 and 2.9 for the remaining
parameters.
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It is possible determine the distance correction d’ in terms of the known variables
of the experiment: n1(ω), n2(ω), d, t, and θ1. From (1.4) we have the complex index of
refraction of air given by
n1(ω) = [εr1(ω)]1/2 = 1,

(2.1)

and the complex index of refraction of concrete given by
n2(ω) = [εr2(ω)]1/2 ,

(2.2)

when µ/µ0 ≃ 1. Snell’s Law is given below in (2.3) and rearranged in (2.4) to solve for
unknown variable θ2 in terms of known variables.
n1(ω) sin θ1 = n2(ω) sin θ2

(2.3)

θ2 = sin-1 {[n1(ω)/n2(ω)] sin θ1}.

(2.4)

We can use the definition of the tangent to solve for the unknown variable h in
equations (2.5) and (2.6).
tan θ1 = (h - Δh)/d

(2.5)

h = d tan θ1 + Δh

(2.6)

Additionally, we can use the definition of the tangent to solve for the unknown variable
Δh in equations (2.7) and (2.8).
tan θ2 = Δh/t

(2.7)

Δh = t tan θ2

(2.8)
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Finally, we can use the definition of the tangent to solve for d’ in terms of known
variables
tan θ1 = h/(d’ + t)

(2.9)

d’ = (h/tan θ1) - t

(2.10)

by substituting (2.1), (2.2), (2.4), (2.6) & (2.8) into (2.10) we have
d’ = d tan θ1 + t tan {sin-1{[1/[εr2(ω)]1/2] sin θ1}} - t

(2.11)

tan θ1
and d’ is now in terms of the known variables εr2(ω), d, t, and θ1.
Using the derivation in (2.11) we determine d’ for the experiment. The antenna
has convergence angle θ1 = 56˚ and distance d = 0.63 m. The concrete has thickness t
= 0.092 m and relative permittivity magnitude of 6.6.
The permittivity ratio is seen to be:
[|ε(ω)|]-1/2 = 1/2.57 = 0.39

(2.12)

Calculating the angle parameters:
tan θ1 = tan(56˚) = 1.48

(2.13)

sin θ1 = sin(56˚) = 0.83

(2.14)

θ2 = sin-1(0.39*0.83) = 18.8˚

(2.15)

tan θ2 = 0.34

(2.16)
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Solving for d’ in Figure 24 with d, t, d’ all in meters:
d’ = [(0.63 * 1.48 + 0.092*0.34) / 1.48] – 0.092

(2.17)

d’ = 0.56

(2.18)

This result in (2.18) generally agrees with data measured in (2.19) for CWFD in
in the frequency band 700 – 1200 MHz.
d’measured = 0.66/2 + 0.18 - 0.092/2 = 0.46

(2.19)

Similar results can be obtained for the test setups in Section 2.3 by making adjustments
for thickness and relative permittivity.
Measurements were made to verify that the increase in received transmitted
power when concrete block is present is accompanied by a loss in power in adjacent
areas due the focusing of the microwaves by the concrete block. The spectrum analyzer
data presented in Figure 2.26 is from the setup shown in Figure 2.25 where the receive
antenna is place in an adjacent area not behind the concrete block. As in Figure 12, the
green trace describes the measured spectral amplitude when the signal propagates
through one meter of free space. The orange trace describes the measured spectral
amplitude when the signal propagates through a concrete block placed in the center of
the antenna path. Figure 2.26 displays the spectrum analyzer data showing that, in
adjacent areas not behind the concrete, concrete produces 3-6 dB more loss of the
received signal than for air in the 600 - 1100 MHz frequency range. This is the
expected result and is consistent with the analysis presented.

A complete proof

comparing the radiation patterns in the forward direction with and without the blocks in
place was not performed.
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Figure 2.25: Measurements of microwave signals with & without a concrete block in the path and the
receive antenna in an adjacent space not behind the concrete block

Figure 2.26 Spectrum analyzer data for setup in Figure 19 showing concrete produces more
loss of received signal as air when the receive antenna in an adjacent space not behind the
concrete block.
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CHAPTER 3
EVALUATION OF PULSED MICROWAVES IN THE TIME DOMAIN
3.1. PULSED WAVE TIME DOMAIN EXPERIMENT 1
In this set of experiments the time-domain behavior of pulsed microwaves in a
simple dispersive medium is evaluated using shielded room wall penetration. The
experimental arrangement is shown in Figures 3.1–3.3 where propagation through air is
compared with that penetrating through the concrete wall. Because the signal cannot
pass through the shielded walls with all reflected signals being trapped, the experiment
confirms that there is no other possible path for a signal to propagate from the transmit
antenna to the receive antenna [13]. i.e. reflections are trapped in the room and cannot
create a magnified signal.

Figure 3.1: Photograph of the PWTD test setup for experiment 1 showing the side view of antennas
used to transmit and receive pulsed microwaves
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Figure 3.2: Photograph of the PWTD test setup for experiment 1 showing the exposed concrete wall.
The results of this experiment confirms that there is no other possible path to the receive antenna
behind the wall other than that through the concrete window.

Figure 3.3: Photograph of PWTD Test Setup Experiment 1 showing the open aperture view through
the shielded wall.
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Figure 3.4 presents data taken from this experiment, showinh that microwave
pulses in concrete can be detected earlier in time than pulses in air. Delta values in the
table indicate how much earlier in time a pulse in concrete can be observed before a
pulse in free space. Times on graph are minus from center.
Amplitude
mv
1
2
5

Time Concrete
ns
3.16
1.98
1.20

Time Air
ns
1.62
1.21
0.83

Delta
ns
1.54
0.77
0.37

2.7 GHz Pulse: 0.37 ns cycle, 2ns rise time, 20 ns width and 140 ns period
Blue trace is concrete mounted in shielded room wall
Black trace is free space. Green trace is noise floor.
1.62 ns
1.21 ns
0.83 ns

3.16 ns

1.98 ns
1.20 ns

Figure 3.4: Oscilloscope data for setup in Figures 16-18 experiment shows concrete pulses detected
earlier in time than pulses in air.
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3.2. PULSED WAVE TIME DOMAIN EXPERIMENT 2
Analysis of 20 ns pulses directly conducted, and transmitted through concrete and
air is performed using a custom-developed test fixture shown in Figure 3.5.
Figures 3.6 and 3.7 contain the oscilloscope data from the experiment. The green
trace is the conducted pulse with reflected pulse, and the black trace is the
received pulse. Pulses in air and concrete at 1.0 GHz closely resemble Figure 34
The reflected pulse is correlated with the received pulse distortion in time. The
humidity of the air is estimated to be ~50%, and the concrete water content is
unknown.

Figure 3.5: Direct pulse transmission setup to simulate detection through a concrete wall
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1 GHz Air

Figure 3.6: Oscilloscope data for air setup in figure 20 showing pulse evolution

1 GHz Concrete

Figure 3.7: Oscilloscope data for concrete setup in figure 20 showing pulse evolution
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Figure 3.8: Figure 15.80 of E&OPP2 [10] Similar pulse evolution is shown to measurements

The experiment indicates that the pulses evolve as expected in the setup in Figure 31
and that the Faraday cage has no significant effect. Figure 34 is the textbook model
(Figure 15.80 of E&OPP2 [10]) of dielectric frequency dispersion of electromagnetic
pulses. Similar dispersion is seen in concrete at 1 GHz as to triply distilled water at 10
GHz.
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3.3 PULSED WAVE TIME DOMAIN EXPERIMENT 3
Figure 3.9 shows the test setup for amplitude and phase data using a single antenna
detection method. Distortion and delay of the pulse is seen from multiple reflections in
water and concrete. The reflected pulse amplitude is attenuated through HILLTD media
with complex permittivity and is amplified by conducting material. A combination of
different complex media completely attenuates second reflected pulse. The voltage and
time detection requirements are shown to be 5mV in 20 ns with > 40 dB signal-to-noise
ratio. Insulating supports and other walls are not shown in Figure 3.9.
Figure 3.9: Single antenna detection method reflected setup for metal detection

Concrete
Metal Water

Horn Antenna
Signal
Generator

Ground Plane
1 meter
Oscilloscope
Initial Pulse

Setup produces reflections
from material behind
concrete

First
Reflected
Pulse

Second
Reflected
Pulse
Time
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8 liters water behind
60x80 cm concrete wall
Second reflected pulse
is partially attenuated

Figure 3.10: Photograph of setup in Figure 3.9 with water simulating human hidden behind wall

10 x 10 cm metal behind
60x80 cm concrete wall
Second reflected pulse is
amplified

Figure 3.11: Photograph of setup in Figure 3.9 with metal simulating weapon hidden behind wall

10 x 10 cm metal behind
8 liters water behind
60x80 cm concrete wall

l

Second reflected pulse is
completely attenuated

Figure 3.12: Photograph of setup in Figure 3.9 with metal & water simulating human and weapon
hidden behind wall
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Initial Pulse Off Screen

Concrete Only

First
Reflected
Pulse

Second
Reflected
Pulse

Figure 3.13: Oscilloscope data for setup in Figure 3.9 with nothing hidden behind wall

Initial Pulse Off Screen

Concrete & H2O
First
Reflected
Pulse

Second
Reflected
Pulse
Attenuated

Figure 3.14: Oscilloscope data for setup in Figure 3.10 with water hidden behind wall
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First
Reflected
Pulse

Concrete Only

Second
Reflected
Pulse

Figure 3.15: Oscilloscope data for setup in Figure 3.9 with nothing hidden behind wall

Concrete & Metal
First
Reflected
Pulse

Second
Reflected
Pulse
Amplified

Figure 3.16: Oscilloscope data for setup in Figure 3.11 with metal hidden behind wall

45

Initial Pulse Off Screen

Concrete Only

First
Reflected
Pulse

Second
Reflected
Pulse

Figure 3.17: Oscilloscope data for setup in Figure 3.9 with nothing hidden behind wall

Concrete & H2O & Metal
First
Reflected
Pulse

Second
Reflected
Pulse
Completely
Attenuated

Figure 3.18: Oscilloscope data for setup in Figure 3.12 with metal and water hidden behind wall
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Although the second reflected pulse can be used to detect the presence of water and
metal, the expense of the technology necessary to meet the detection requirement is
currently prohibitive. As noted, the voltage and time detection requirements for this
experiment are shown to be five millivolts in twenty nanoseconds with greater than
forty decibels of signal-to-noise ratio (SNR). A deployable system would require 100
µV in 2 ns with > 80 dB SNR to have effective range and sensitivity. A blocking circuit
for the initial pulse will be required to avoid overloading the detector. This could make
a good alternative or complementary method to existing scanning systems in secure
facilities. Employed with enough sophisticated technology the method should be
completely scalable. Due to these reasons PWTD is not considered for a low-cost
public detection system and is not subjected to any further modeling other than what is
already in the literature.
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CHAPTER 4
EVALUATION OF PULSED MICROWAVES IN THE FREQUENCY
DOMAIN
4.1 PULSED WAVE FREQUENCY DOMAIN EXPERIMENT
The single antenna detection method test setup for taking amplitude data to
evaluate the spectral behavior of ultra-wide band (UWB) pulsed microwave detection
of a metallic object obscured by a simple complex medium [10] is depicted in Figure
4.1. UWB refers to a bandwidth of >500 MHz or 20% of the arithmetic center
frequency, per the U.S. Federal Communications Commission (FCC). This setup uses
a 500 MHz bandwidth pulse centered at 1000 MHz ± 15%.
Distortion of the pulse spectrum is seen to be caused by reflection from a
conductive object. Specifically the conductive material is found to attenuate the pulse
side-lobes of the UWB spectrum, as shown in Figure 4.2.
Bow-Tie Antenna
with Balun

Cloth

Metal

Signal
Generator

< 1 meter
Spectrum
Analyzer

Figure 4.1: Single antenna detection arrangement with a bow-tie antenna designed for detection of
an obscured metallic object.
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The spectrum of the 500 MHz bandwidth UWB pulse received by an 8cm
element triangular dipole as the detection antenna element is illustrated in Figure 4.2.
The orange trace is that through free space and the green trace is that reflected from an
aluminum sheet. Comparison of the two traces demonstrates that a metallic object can be
readily detected and the shape determined by the antenna element dimension. Each of
these traces would correlate to a position over metal or air. A conductive objects shape
can then be determined as the antenna is moved relative to the object.
Certain frequency ranges can be shown to provide a digital state, i.e. voltage,
exceeding a threshold in the presence of metal within a defined physical space. This
property makes this a viable detection scheme for a public low cost application. PWFD
electromagnetic radiation in air is modeled as a Von Bladel pulse in Section 4.2. A
numerical solution to the equations generated in Section 4.2 is compared to oscilloscope
and spectrum analyzer data and is presented in Figures 4.3 and 4.4.
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Figure 4.2: Spectrum analyzer data for the experimental setup depicted in Figure 4.1 showing sidelobe distortion after reflection from a metallic object.

50

4.2 VON BLADEL ENVELOPE MODULATED PULSE MODEL
In this section we derive the exact integral formulation describing propagation
of an arbitrary plane wave pulse through dispersive media starting with the Laplace and
Helmholtz equations.
A(z,t) = !
∫ A(z,ω) e-iωt dω,

(4.1)

[ ∇ 2+ k ̃(ω)] A(z,ω) = 0

(4.2)

The complex wavenumber and complex index of refraction are related by:
k ̃(ω) = (ω/c) n ̃(ω)

(4.3)

n ̃(ω) = (c/ω) k ̃(ω)

(4.4)

The contour of integration is in the complex number plane ω = ω’ + ia, with a
convergence requirement given by ω/a> 0 where ω’ is the real part of ω. The abscissa
of absolute convergence is then:
A(φ,t) = f(t)

(4.5)

The ordinary differential equation solution to the Helmholtz equation is
A(z,ω) = A+(ω) eikz + A-(ω) e-ikz

(4.6)

Substituting into the Laplace equation:
A(z,t) =

i(kz –ωt)
dω,
!∫ A+(ω) e

(4.7)

Plane boundary at z = 0
∞

A+(ω) = ½ π ∫ f(t) e-iωt dt

(4.8)

0

Laplace transform of initial pulse at z=0:
A+(ω) = ½ π f (ω)

(4.9)

The solution is then given by
A(z,t) = ½ π !
∫ f ̃(ω) ei(kz –ωt) dω,
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(4.10)

Now we can use the exact integral formulation derived in equation 4.9 and the
dispersion relations to obtain a form suitable for asymptotic approximation. Then the
constitutive relations can be applied to this result. Equation 4.9 can be expressed as:
A(z,t) = ½ π

(z/c)φ(ω,θ)
dω,
!∫ f ̃(ω) e

(4.11)

with a complex phase function φ(ω,θ) = iω (n(ω) - θ, where θ = ct/z is a dimensionless
space-time field point.
The complex index of refraction for homogeneous, isotropic, linear, locally invariant,
and temporally dispersive (HILLTD) media has the complex conjugate relation
n ̃(-ω) = n ̃*(ω*)

(4.12)

φ (-ω, θ) = φ*(ω*, θ)

(4.13)

and complex phase function:

where the Laplace equation for real f(t)
f ̃(-ω) = f*(ω*)

(4.14)

The solution is then given by
iα +∞

A(z,t) = ½ π Re[

∫

(z/c)φ(ω,θ)

f ̃(ω) e

dω]

(4.15)

iα −∞

Finally, we can apply a specific Von Bladel envelope modulated (VBEM) pulse
to the asymptotic approximation of exact integral and formulate a model. The pulse has
a center frequency fc and a time constant Tc which is defined as the inverse of fc.
The pulse width τ is related to the time constant and number of cycles x by
τ = xTc

(4.16)

52

The Von Bladel envelope modulated (VBEM) pulse is defined as:
uVB(t) ≡ e

(1+

τ2
)
4t (t−τ )

(4.17)

The corresponding input function is given by
f(t) = uVB(t) sin(2π fc t)

(4.18)

By using the Laplace transform on f(t) we get
f ̃(ω) = u ̃VB(t) (ω - 2π fc)

(4.19)

The input frequency function for the VBEM pulse is shown to be:

f! (ω ) =

∞

∫e

(1+

τ2
)
4t (t−τ ) i(ω −2 π fc )t

e

(4.20)

dt

0

Solution for a general VBEM pulse is then:
⎡ ia+∞ ⎡ ∞ (1+ τ 2 )
⎤
⎤
A(z, t) = 1 / 2 π Re ⎢i ∫ ⎢ ∫ e 4t (t−τ ) ei(ω −2 π fc )t dt ⎥ e(z/c)φ (ω ,θ ) dω ⎥
⎢ ia−∞ ⎢⎣ 0
⎥
⎥⎦
⎣
⎦

(4.21)

The applied signal is at fc = 1 Gigahertz with a τ = nanosecond pulse width,
creating x = 20 cycles with a Tc = 1 nanosecond time constant. The input frequency
function for the specific VBEM is then

f! (ω ) =

20

∫e

(1+

100
)
t (t−20) i(ω −2 π )t

e

dt

(4.22)

0

Solution for the specific VBEM pulse is then:

⎡ ia+∞ ⎡ 20 (1+ 100 )
⎤
⎤
A(z, t) = 1 / 2 π Re ⎢i ∫ ⎢ ∫ e t (t−20) ei(ω −2 π )t dt ⎥ e(z/c)φ (ω ,θ ) dω ⎥
⎥⎦
⎢⎣ ia−∞ ⎢⎣ 0
⎥⎦

(4.23)

Numerical solutions are applied to this equation and compared to the data in
Figures 4.3 and 4.4.
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The dotted line in Figure 47 is the Von Bladel envelope and the wave inscribed
in the dotted line is the pulse produced by the numerical model. The output of the
signal generator is the darker wave and shows reasonable agreement with the model.

Figure 4.3: Oscilloscope data compared to VBEM numerical model
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The black line in Figure 48 is the UWB frequency response of Von Bladel
envelope modulated pulse produced by the numerical model. The output of the signal
generator is the green wave and shows reasonable agreement with the model.

Figure 4.4: Spectrum analyzer data compared to VBEM numerical model
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CHAPTER 5
DETECTION SYSTEM
5.1. MODIFIED ROBERTS-TYPE DIPOLE
The bow-tie antenna element that was designed and developed in order to have
a well-defined beam width [14,15,16] for the detection system described here is
illustrated in Figure 5.1. A balanced-to-unbalanced (balun) matching circuit was also
customized for the transmit frequency of 1 GHz. These elements are then mounted in a
rectangular array because such an array of bow-tie antenna elements tuned to the same
transmit frequency provides higher gain and directionality than does a traditional dipole
element by itself

Figure 5.1: Customized bow-tie antenna element with Roberts antenna type balun
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The standard construction of a balun that was developed for the FCC and is
part of an American National Standard [17] is depicted in Figure 5.2. The balun so
constructed for this set of experiments is designed specifically in order to change the
center frequency of the radiation emitted by the antenna from 700 MHz to 1 GHz.

Figure 5.2: Balun information from ANSI C63.5 [18]
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5.2. SHAPED CONDUCTIVE TARGETS
Specific target shapes are designed to resemble dangerous and non-dangerous
objects as well as being designed around typical product sizes. Conductive objects with
specific target shapes that are used in the experiment are shown in Figure 5.1.

Figure 5.3: Photograph of the two conductive objects used in the experiment to represent a digital
device (left) and a potential weapon (right). The dimensions of each are indicated by the tape
measure at the bottom of the photograph.
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The bow-tie antenna elements mounted in a rectangular array are illustrated in
Figure 5.4. The elements are mounted so that they can be moved between the indicated
marks so that when positioned over a hidden conductive object a resultant decrease in
amplitude of an UWB spectral lobe will be observed. For example, element B in
position 5 and element C in position 3 will return a spectrum corresponding to the
green trace in Figures 4.2 and 5.6, while elements A and D in position 1 will return a
spectrum corresponding to the orange trace in Figure 4.2 and 5.6.

Figure 5.4: Antenna array elements positioned and not positioned over conductive objects
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5.3. DETECTION SYSTEM SETUP
The setup for the detection system with a conductive object concealed behind an
opaque cloth that is situated beneath the array is illustrated in Figure 5.5. The
associated spectrum analyzer, signal generator and RF switch are also shown in the
figure. In the detection process, each antenna element is moved across the array and the
suppression (1) or non-suppression (0) of the secondary lobe is manually recorded in
the indicated digital fashion, thereby tracing out a rough digital map of the obscured
object.

Figure 5.5: Detection system setup with array elements located at various positions in the “imaging”
array.
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Figure 5.6 displays the spectrum analyzer output showing the resultant
distortion of the secondary UWB spectral lobe, thereby indicating the presence of its
location above a part of the hidden conductive object. Figure 5.6 and 4.2 have the
similar center frequencies, but Figure 5.6 shows a much smaller span. The orange trace
is pulse spectra from antenna element in free space, and the green trace is from an
element facing a conductive surface. A receiver tuned to a side lobe at 1/T + CF can
return a digital signal relative to the 6 dB of attenuation shown.

Figure 5.6: Spectrum analyzer data distortion due to presence of conductive objects
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Figure 5.7 illustrates the shape detection results for the setup in Figure 5.5 using the
spectrum analyzer comparison scheme with output as shown in Figure 5.6 when a
receiver is situated above a section of the conductive object. Notice that the set of array
results presented in Figure 5.7 is rotated 90˚ from that depicted in Figure 5.5 so that the
array positions 1 through 6 are read vertically. The numbers in the boxes refer to the
received signal strength in both relative dB and its resultant digital state. The color of the
box also refers to its digital state such that a reading from 0 to +3 dB corresponds to the
state 0 whereas a reading from +3 to +6 dB of received signal corresponds to the state 1.
A

B

C

D

0dB/0 state

3dB/1 state

0dB/0 state

0dB/0 state

0dB/0 state

6dB/1 state

1dB/0 state

0dB/0 state

0dB/0 state

6dB/1 state

6dB/1state

0dB/0 state

0dB/0 state

5dB/1 state

4dB/1 state

0dB/0 state

0dB/0 state

2dB/0 state

1dB/0 state

0dB/0 state

0dB/0 state

0dB/0 state

0dB/0 state

0dB/0 state

Figure 5.7: Shape detection display of the obscured conductive object in Figure 5.5.
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5.4. CONCLUSIONS
Four different types of microwave radiation, continuous wave time domain
(CWTD}, continuous wave frequency domain (CWFD), pulsed wave time domain
(PWTD) and pulsed wave frequency domain (PWFD), have been examined and
evaluated with regard to their usefulness in shape detection of concealed conductive
(metallic) objects. CWTD has been noted to be of little value for this application
because nothing of interest occurs in the spectral analysis and time-domain data is
chaotic when reflected signals are present. CWFD has demonstrated some interesting
effects, such as reduction of signal loss in a microwave link budget, that may be found
useful in either ground penetrating radar or microwave communication systems with a
possible application as an adjunct to existing technology that would be useful for
detection.
Although PWTD provides a method of detection, the detection system would
require tight specifications because the transmit pulse is orders of magnitude larger than
the signal to be measured and the measured signal is very brief in time. It also would be
difficult to construct and implement due to the technology necessary to provide a large
signal-to-noise ratio combined with high-speed data capture. Finally, UWB pulse
spectra has been shown to have good promise for the shape detection of hidden metallic
(conducting) objects. Because of this, the laboratory setup shown in Figure 5.5 was
created to demonstrate a simple, “proof of principle” PWFD detection system.
This simple frequency-domain detection system is appropriate for use by the
general public due to the transmitted pulses being at power levels that humans are
routinely exposed to and considered safe by International Commission on Non-Ionizing
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Radiation Protection. Examples of technology using similar power levels are
automobile remote controls, Bluetooth/WiFi communication and leakage from a
microwave oven.

For comparison, the ICNRP Guidelines [18] limit the non-

occupational whole-body exposure of a 50 kg person to 4 watts of power at 1 GHz for
six minutes. The proof of principle PWFD system operates at 0.1 watts of power.
This PWFD system is uniquely different from earlier research as the most
recently published research in shape detection either uses the time-domain properties of
UWB pulsed microwaves or the end system is intended for military use and is overly
expensive for public use. The laboratory setup shown in Figure 5.5 has limitations in
that it uses general equipment operating at maximum performance. A future PWFD
shape detection system based on this proof of principle needs basic dedicated circuitry
with higher gain to improve the distance over which detection can be unambiguously
made, as well as a method to isolate the receiver from the transmitter.
The potential for shape detection of non-conductive objects with complex
permittivity using PWFD holds promise for the detection of plastic handguns due to the
fact that plastic has a permittivity different from air at certain frequencies and should
still distort the spectra. Additionally, buildings could be equipped with microwave
lenses in the walls using concrete blocks with zero relative permittivity binder,
resulting in an increased sensitivity for the detection system.
In brief summary, the research presented in this thesis has demonstrated a
practical, unique, publically available, frequency-domain detection system that
provides a different means of shape detection using UWB pulse spectra than has been
previously described.
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